Natriuretic peptide-guided (NP-guided) treatment of heart failure has been tested against standard clinically guided care in multiple studies, but findings have been limited by study size. We sought to perform an individual patient data metaanalysis to evaluate the effect of NP-guided treatment of heart failure on all-cause mortality.
Introduction
How best to guide the complex pharmacotherapy of chronic heart failure is in dispute. Whereas some medications, namely angiotensin converting enzyme inhibitors (ACEi), angiotensin receptor antagonists, certain beta-blockers (BB), and mineralocorticoid receptor antagonists (MRA) have been shown to improve survival in patients with chronic heart failure and a reduced left ventricular ejection fraction (LVEF), 1 the optimal dosage of these agents in individuals is guided largely by subjective indices, namely the clinician's assessment of symptoms, bedside signs and tolerability. Consequently, evidencebased target doses of these proven medications are rarely achieved outside the clinical trial setting, even in eligible patients. 2 Despite lack of trial evidence for longevity benefit, loop and/or thiazide-like diuretics are seen as central to the treatment of almost all patients with chronic heart failure. Here again, optimal or target doses are dictated largely by clinician interpretation of the patient's symptoms and signs. It would obviously be useful if pharmacotherapy could be directed not only by subjective bedside indices but also by an objective index of circulatory status. In this regard, it has been proposed that circulating levels of the B-type cardiac natriuretic peptides (BNP and NT-proBNP), which are released from the heart in proportion to stretch of the cardiac chambers, might provide such an objective guide. This proposition is reinforced first, by evidence that circulating levels of these peptides and change in their levels over time provide a robust prognostic index in chronic heart failure 3 and second, each of the drug groups which demonstrably increase longevity, as well as loop diuretics, reduce their levels in the circulation. 4 Several studies have addressed the hypothesis, first proposed in the late 1990s, that pharmacotherapy guided by BNP or NT-proBNP levels (NP-guided treatment) would improve clinical outcomes. 5 -15 While some of these studies demonstrated a reduction in combined clinical events, no single study was adequately powered to test the effect of this strategy on all-cause mortality-the ultimate clinically relevant endpoint.
In viewing results from published studies, the European Society of Cardiology, 1 the National Institute for Health and Clinical Excellence (NICE), 16 the American College of Cardiology/American Heart Association, 17 the National Academy of Clinical Biochemistry, 18 and the National Heart Foundation of Australia and Cardiac Society of Australia and New Zealand 19 opined that the evidence is insufficient to support routine NP-guided treatment over conventional care. Previous literature-based meta-analyses using aggregate data have suggested that NP-guided treatment may be associated with a 20-30% reduction in all-cause mortality. 20 -22 Such meta-analyses, however, can have important limitations relating to potential heterogeneity of patient characteristics and outcome definitions. In contrast, meta-analyses based on individual patient data allow more rigorous testing with the incorporation of standard outcome definitions and provide the opportunity to consider important patient characteristics that could influence outcomes or mitigate/moderate the effects of treatment interventions on outcomes. 23 Accordingly,
we performed an individual patient data meta-analysis, which includes data from studies published subsequent to two of the earlier aggregate data meta-analyses 7, 12, 13 to test the hypothesis that compared with conventional clinically guided management, NP-guided therapy results in a reduction in all-cause mortality.
Methods

Search strategy and selection criteria
We searched MEDLINE and EMBASE for studies published between 1 January 2000 and 29 February 2012. The search query included keywords and corresponding MeSH terms for natriuretic peptide, brain natriuretic peptide, B-type natriuretic peptide, N-terminal pro-brain natriuretic peptide, heart failure, treatment, and therapy. Similar searches were made of the Cochrane Controlled Clinical Trials Register database and of the clinicaltrials.gov website. Only randomized controlled clinical trials reporting all-cause mortality and comparing B-type natriuretic peptide-guided treatment of heart failure with clinically guided treatment were included. The exception was one study which, while not providing all-cause mortality data, was randomized and provided robust secondary endpoint results. 13 The search strategy was similar to that described in publications reporting meta-analyses based on aggregate data.
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Data extraction
Individual patient data from eligible studies were entered into the meta-analysis database and included patient age, gender, baseline BNP or NT-proBNP level (pg/mL), baseline creatinine (mmol/L), baseline LVEF (%), treatment assignment (NP-guided or clinically guided), and randomization date. Outcome data included all-cause mortality and date of all-cause death or last follow-up. First hospitalization for any cause, for heart failure or for any cardiovascular disease, along with the date of hospitalization was also included. Only events occurring during application of the treatment strategy were included in the analysis.
Statistical analysis
The pre-specified primary outcome was all-cause mortality. Secondary outcomes included death or any hospitalization, cardiovascular hospitalization, heart-failure hospitalization, and all-cause hospitalization. We analysed all outcomes as time-to-event data using Cox proportional hazards regression models. The time-to-event data include follow-up as reported in the publications from each study and therefore does not extend beyond the period of the guided treatment in each study. Age (,75, ≥75 years), LVEF (≤45%, .45%) at enrolment, study (as a fixed effect), treatment allocation (NP-guided vs. clinically guided), treatment*age, treatment* LVEF, and treatment*study were included as terms in the regression models. The interaction terms (treatment*age and treatment* LVEF) were used to test the consistency of treatment effects across age and LVEF groups. We used the treatment*study interaction effect to test the heterogeneity of treatment effects across studies. The impact of study geographical location on treatment strategy and medication changes was tested by adding geographical location (Europe, USA, or New Zealand) as a covariate within the Cox model.
Hazard ratios comparing outcomes in the NP-guided and clinically guided treatment groups were summarized for all studies pooled and for each study individually with 95% confidence intervals. KaplanMeier curves were used to portray the comparative time to event results.
We compared changes in medications, plasma natriuretic peptide, and creatinine levels between groups using general linear models. These models included age, LVEF, study, and treatment as factors.
We performed all individual patient analyses with SPSS (v19) software. Analyses using aggregated measures and production of the associated forest plots were undertaken with RevMan5.
Results
We identified 11 eligible studies ( Figure 1 . 5 -12 Based on excellent concordance between data provided for the meta-analysis and the original published reports, the quality of data was judged to be high. All studies reported endpoints on an intention-to-treat basis. For two studies, data from only two treatment groups (NP-guided and clinically guided) who received intensive clinical follow-up were considered for the analysis, whereas data from the third ('usual care') groups were not included. 7, 10 For two studies, complete individual patient data were not available but aggregate data on overall mortality were obtained from published reports (n ¼ 2431 when aggregate data included). 14, 15 Finally, the ProBNP Outpatient Tailored Chronic Heart Failure Therapy (PROTECT) trial, while not providing overall mortality data, gave robust secondary endpoint results (n ¼ 2151 for individual patients with data for secondary end-points). 13 
Study characteristics
There were differences between studies regarding design relating to duration, target plasma level for the B-type natriuretic peptides, and treatment algorithm ( Table 1) , but all studies compared a treatment strategy guided by BNP/NT-proBNP with clinically guided treatment.
The majority of studies used a single target BNP or NT-proBNP level for the NP-guided group. In two studies, age-stratified NT-proBNP targets were utilized. 6, 12 In one study, a target of ≥50% reduction in NT-proBNP was used 9 and in a further two studies an individualized BNP or NT-proBNP target was utilized based on levels at discharge from hospital. 8, 11 Treatment algorithms differed slightly between studies, but were all based upon stepwise up-titration of guideline-recommended drug therapies.
Patient characteristics
Patient characteristics for the meta-analysis cohort and for individual studies are summarized in Table 2 . The average age of participants was 72 years and two-thirds were male. The majority of subjects had LV systolic dysfunction and only 10% had an LVEF .45%.
Primary endpoint
During active treatment, there were 207 deaths among patients assigned to clinically guided treatment compared with 172 deaths in the NP-guided group [HR ¼ 0.62 (CI 0 . 45-0.86); P ¼ 0.004, Figure 2 ]. There was no significant heterogeneity in the effect of NP-guided therapy on all-cause mortality between studies (P ¼ 0.57, Cox interaction term). There was, however, a significant interaction between age and treatment efficacy (P ¼ 0.028), with a survival benefit for NP-guided vs. clinical treatment in patients aged Figure 2 ]. No interaction was evident for LVEF. There was no significant interaction between geographical location and treatment efficacy for the primary endpoint of all-cause mortality (P ¼ 0.8 for interaction term) or any other endpoint (P ≥ 0.6 for all).
Combining the eight studies providing individual patient data with the two studies reporting aggregated data using a random effects model demonstrated a significant (P ¼ 0.045) reduction in all-cause mortality with NP-guided therapy (unadjusted, Figure 3 ). There was no significant heterogeneity exhibited between studies.
Secondary endpoints
Heart failure hospitalizations were reduced in the NP-guided group, n ¼ 247 compared with n ¼ 294 in clinically guided patients [HR ¼ 0.80 (0.67-0.94); P ¼ 0.009] as were cardiovascular admissions [n ¼ 430 in the NP-guided group compared with n ¼ 448, HR ¼ 0.82 (0.67-0.99); P ¼ 0.048] with no heterogeneity between studies and no interaction with age or LVEF. When combined with aggregate data from two additional studies, a significant reduction in HF hospitalization was observed (unadjusted, Figure 4 ). All-cause hospitalization [HR ¼ 0.94 (0.84-1.07); P ¼ 0.38] was not reduced by NP-guided treatment (n ¼ 555 NP-guided, n ¼ 560 clinically guided); however, the combined endpoint of all-cause mortality or all-cause hospitalization was lower for NP-guided treatment (n ¼ 587) compared with clinically guided therapy (n ¼ 605)
Effects on natriuretic peptide levels
Follow-up plasma NT proBNP levels were available in 1313 participants at the end of the study (NP-guided group 668, clinically guided group 645). Among these subjects, there was a similar fall in NT-proBNP levels in the former [35.0% (28.5-41.0)] and latter groups [31.5% (24.5-37.8); P ¼ 0.44]. The fall in NT-proBNP was significantly (P , 0.001) greater for patients aged ,75 years. There was, however, no interaction between age and treatment effect (P ¼ 0.38), with comparable differences in the fall in NT-proBNP between treatment groups in the younger [NP-guided group 43.4% (34.8-50.9), clinical group 40.8% (31.2-49.0); P ¼ 0.67] and older Plasma creatinine levels, available in 1396 patients at the end of the study (713 patients in the NP-guided group and 683 in the clinical group), showed a tendency to rise similarly in both groups (+12.6 + 1.9 mmol/L and +12.7 + 1.9 mmol/L, respectively, P ¼ 0.98).
Medication changes
The percentage of patients receiving medications recommended by heart failure guidelines was very high and similar to percentages reported in large randomized controlled trials performed during the same time period. Among NP-guided patients, ACEi/ARB, BB, and MRA were prescribed in 91, 78, and 29%, respectively, compared with 89, 73, and 29% in clinically guided patients. Loop diuretics were prescribed in 87% of patients in both treatment groups. Baseline doses of medications and the percent of patients receiving target doses as defined by guidelines were similar in both treatment groups ( Table 3) . By the time of last follow-up ACEi/ARB dosing had increased in the NP-guided group [+8.4% (3.4 -13.5) enalapril equivalents] but changed little in the clinical group [21.2% (26.1 -3.7)] (P ¼ 0.007 for group comparison). There was a strong age interaction with change in ACEi/ARB drug doses which increased among younger patients (,75 years) in both treatment groups [+11.7% Beta-blocker doses as a percent of target were slightly higher at baseline in the NP-guided compared with clinical groups in the studies from Europe (43 vs. 35%, respectively, compared with 31 vs. 30% in the USA and 15 vs. 14% in New Zealand; P ¼ 0.044 for interaction). Lower BB doses in the NZ studies were largely due to the pilot study, 5 which commenced before BB therapy was endorsed in guidelines. There were no other significant interactions between geographical study location and medication doses at baseline or final follow-up. Inclusion of change in ACEi/ARB dose, change in BB dose, and change in MRA dose demonstrated that increasing doses of each of these medications was significantly (P , 0.001 for each) associated with reduced all-cause mortality. When baseline medication doses and the change in medication doses during follow-up were included as co-variates in the Cox regression model, both the NP-guided treatment strategy and the age by treatment group interaction remained significant predictors of all-cause mortality [HR for overall effect ¼ 0.64 (0.46-0.89); P ¼ 0.008]. There was no significant interaction between treatment strategy and change in ACEi/ ARB dose (P ¼ 0.7), change in BB dose (P ¼ 0.24), and change in MRA dose (P ¼ 0.7), indicating that there was no differential effect The PROTECT study provided only secondary endpoint data. In the STARS-BNP study, plasma BNP levels available only in the BNP guided arm.
NP-guided treatment of heart failure of medications dependent on treatment strategy such that in both treatment groups an increase in medications was associated with improved outcomes.
There was a significant age effect on the change in loop diuretic dosing (furosemide equivalents) across the study with the dose increasing in younger patients [+13 mg (0.7 -25) in the NP-guided group and +6.4 mg (26.1 -19.0) in clinical group] but not in the older patients [20.6 mg (213.9-12.8) and 27.1 mg (220.1-5.9)], respectively; (P ¼ 0.027 for age comparison).
Discussion
The hypothesis that circulating levels of the B-type natriuretic peptides, by providing an objective index of circulatory status in patients with chronic heart failure, should allow clinicians to more accurately target pharmacotherapy to the individual patient has intuitive appeal. Based on evidence from individual studies and aggregate data meta-analyses, however, advice to clinicians from specialty societies regarding the use of BNP-guided management remains cautious, 1,16 -19 with none proposing that the approach should be used as a routine. The results of the study reported here should, we believe, lead to reconsideration of these recommendations.
In our meta-analysis, we used individual patient data from studies included in and subsequent to those utilized in the earlier meta-analyses. There were 2000 patients randomized to NP-guided or clinically guided treatment among whom 379 deaths were recorded, 172 in those randomized to NP-guidance vs. 207 in the clinically guided group. There was no significant heterogeneity across the studies. Furthermore, no interaction with LVEF was observed although, since only 10% of patients included in this meta-analysis had a LVEF .45%, such an interaction may possibly have been seen had a substantial number of patients with heart failure and preserved left ventricular systolic function been included. We did, however, observe a significant interaction with age, the allcause mortality benefit being seen in patients ,75 years but not in those aged ≥75 years. One explanation for the lack of mortality benefit in the older cohort could be that increases in the dose of some drugs were less overall than in ,75 year old patients. It is conceivable, based on results from the PROTECT study, 13, 24 that elderly patients will exhibit benefit with more gradual, careful up-titration of medications according to BNP/NT-proBNP levels than younger patients. The value of performing an individual patient data meta-analysis is highlighted by comparing the powerful effect estimate for the NP-guided strategy demonstrated in Figure 2A , where there is adjustment for key patient characteristics, with the more modest effect and nominal significance shown in Figure 3 , based on unadjusted aggregate data. The most obvious explanation for the superior mortality outcome with NP-guided therapy is that selected individual patients, based on plasma BNP/NT-proBNP levels, received appropriately higher doses of the ACEi and ARB groups of drugs. Although changes across the studies in doses of the other three groups of drugs (BB, MRA and loop diuretics) did not differ overall between the two treatment groups, it is conceivable that alterations in doses of these agents either upward or downward in individuals within the NP-guided group, as dictated by BNP/NT-proBNP levels, were more 'appropriate' than in clinically guided patients and thereby contributed to the superior mortality outcome.
Beyond considerations of total mortality, our meta-analysis showed that NP-guided treatment reduced substantially the confidence intervals for nine studies providing individual patient data and two studies providing aggregate data.
NP-guided treatment of heart failure readmission rate for heart failure and for cardiovascular disease. With regard heart failure, this observation has major financial implications since hospitalizations dominate the cost of managing this increasingly common disorder. In the USA, for example, hospitalizations account for the majority of the US$39 billion spent annually on heart failure care. 25 Accordingly, widespread implementation of NP-guided therapy has the potential to reduce considerably the costs of heart failure care-as indeed was reported by Laramee et al. 26 from studies utilizing serial measurements of natriuretic peptide levels by a specialistexcept in patients aged .75 years. An added impetus to the implementation of NP-guided pharmacotherapy in the USA is likely given that hospitals with high risk-standardized readmission rates will be subjected to a Medicare reimbursement penalty as of 2013.
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Since any therapeutic plan has the potential to unexpectedly induce or exacerbate concomitant disorders, it is noteworthy that there was no increase in overall hospitalizations and no deterioration in renal function as gauged by serum creatinine levels, with NP-guided treatment. It seems unlikely, therefore, that unexpected harm results from the implementation of NP-guided treatment.
Some limitations in our study should be noted. There were differences in study design particularly regarding BNP/NT-proBNP targets, although these did not produce heterogeneity in key results as tested in this meta-analysis. With respect to application of the NP-guided strategy, use of a single, low target level of BNP or NT-proBNP may provide more opportunities to up-titrate therapy. Our meta-analysis, however, cannot provide firm advice on this matter. Individual patient data were not available from two published studies; 14, 15 however, it is unlikely that inclusion of individual data from these or other unpublished studies would have altered the overall findings of this meta-analysis. Individual data for adverse events were not available for analysis from any of the studies. However, published original reports of each individual study did not identify any significant difference in adverse events between study groups. In a subset of the current study cohort, as reported above, changes in renal function, as measured by plasma creatinine levels, did not differ between the two study groups.
To date, only NP-guided therapy has been widely tested in randomized controlled studies. However, a wide range of biomarkers reflecting different aspects of heart failure pathophysiology-including markers of renal dysfunction, fibrosis, myocardial necrosis, and inflammation-provide risk stratification that is incremental to NPs and could potentially play a role in guiding treatment. 28 -33 Further study is certainly needed to evaluate multi-marker strategies to guide HF therapy. In summary, this robust individual patient meta-analysis indicates that for patients aged ,75 years with chronic heart failure most of whom had impaired left ventricular systolic function, NP-guided treatment reduced all-cause mortality compared with clinically guided therapy. This strategy also reduces hospitalizations for heart failure and cardiovascular disorders, irrespective of age. Therefore, we propose that NP-guided treatment should be considered in such patients, although a well-powered, large scale, randomized, and blinded study which includes adequate numbers of heart failure patients with both reduced and preserved EF would provide reassurance in this regard.
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